A cavity attenuated phase shift Faraday rotation spectrometer has been developed for oxygen detection near 762 nm. The system incorporates a high-finesse cavity for sensitivity enhancement and achieves minimum detectible polarization rotation of 2×10 -9 rad/√Hz. Cavity enhanced absorption techniques derive their sensitivity from an increase in the effective light-matter interaction length provided by a high finesse cavity. In recent years, these techniques have moved outside the controlled laboratory environment and are quickly becoming the industry standard for ultra-sensitive spectroscopic gas sensing. However, absorption measurements are often affected by spectrally interfering molecular species, which can hinder selectivity. Faraday rotation spectroscopy (FRS) can selectively probe the molecular dispersion of paramagnetic gaseous species (e.g. O2, NO, NO2, OH, etc.) subjected to an external magnetic field, which makes it immune to interfering diamagnetic compounds. This enables reliable quantitative concentration assessments of paramagnetic species in the presence of spectrally interfering molecules, such as H2O and CO2. Contemporary FRS systems have repeatedly shown shot-noise limited performance [1-4], thereby preventing further noise reduction. By enhancing the FRS signal with a high finesse cavity, further improvement of sensitivity can be achieved while leveraging the selective properties of FRS. Such an approach was recently shown by combining cavity ring-down (CRD) and FRS, which yielded white-noise limited performance up to tens of minutes for sensitive oxygen detection around 762 nm. While CRD-FRS provides excellent sensitivities down to ~4×10 -8 rad/√Hz [5], its performance is limited by its inherently low measurement duty-cycle (sparse ring-down events). To address this limitation in this work, we implement an alternative measurement strategy derived from the cavity attenuated phase shift (CAPS) method implemented in conjunction with FRS.
The CAPS-FRS system utilizes a conventional cavity ring-down setup with the addition of polarization controlling optics: a half-wave plate and a linear polarizer before the cavity to regulate the input polarization and light intensity, and an analyzer after the cavity to split the transmitted beam into two orthogonal polarizations for the differential polarimetric measurement. The light intensity modulation is induced by audio-frequency square-wave injection to an acousto-optic modulator (AOM), and a dual channel lock-in amplifier (Zurich HF2LI) is used to measure the phase shift between the intensity modulation waveforms measured by the two detector channels. The optical spectrum is collected by sweeping the laser frequency across the target molecular transition. The optimum modulation frequency has been determined based on the empty-cavity ring-down time of ~25 μs and was set to ~8 kHz [8] . Due to the applied magnetic field, a circular birefringence is induced in the vicinity of O2 transitions, which causes frequency dependent Faraday rotation of polarization of light within the cavity. This causes a transfer of optical power from one polarization to the other, which effectively introduces different losses for the two polarizations. Figure 2 (a) shows the absorption in the two polarizations based on the phase shift measured at a pressure of ~8 Torr of atmospheric oxygen. A static magnetic field (~300 Gauss) is applied by a 25 cm long solenoid (Custom Coils) in the direction of the beam propagation within the 50 cm linear cavity. The difference in the absorption measured by the two detectors is clearly visible and can be directly translated into a Faraday rotation angle, which is shown in Fig. 2(b) . Preliminary results from the CAPS-FRS measurements indicate a noise-equivalent angle (NEAΘ) of ~2×10 -9 rad/√Hz, which represents an improvement by a factor of ~20 with respect to previously reported CRD-FRS [5] with comparable cavity finesse. This translates to a minimum detection limit of ~0.6 ppm/√Hz of oxygen. The improvement is primarily attributed to the aforementioned increase in the effective measurement duty-cycle.
In conclusion, a proof-of-concept CAPS-FRS system has been developed and demonstrated by detection of oxygen targeting the P P1(1) transition in the A-electronic band around 762.3 nm. Unlike conventional absorption CRDS systems the CAPS-FRS method is fully self-referencing and requires no additional off-resonance calibration, which provides a powerful, yet simple alternative for cavity-enhanced spectroscopy targeting paramagnetic species. CAPS-FRS allows for continuous measurements in a line-locked mode, which would further increase the system duty-cycle and improve the sensing performance. In addition, the differential phase shift measurement effectively suppresses laser-induced intensity fluctuations, which has been known to affect traditional CAPS systems [8] . The long-term system performance, system modeling, as well as further experimental results will be presented in detail.
